Combining Raman scattering measurements with mean field calculations of the Raman response we show that Kitaev-like magnetic exchange is dominant in the hyperkagome iridate Na4Ir3O8. In the measurements we observe a broad Raman band at ∼ 3500 cm −1 with a band-width ∼ 1700 cm −1 . Calculations of the Raman response of the Kitaev-Heisenberg model on the hyperkagome lattice shows that the experimental observations are consistent with calculated Raman response where Kitaev exchange interaction (JK) is much larger than the Heisenberg term J1 (J1/JK ∼ 0.1). A comparison with the theoretical model gives an estimate of the Kitaev exchange interaction parameter.
I. INTRODUCTION
Mott insulators with strong spin-orbit coupling can realize novel types of magnetic exchange and low energy Hamiltonians [1] [2] [3] [4] . It was shown by Jackeli and Khaliullin 1 that in materials with strongly spin-orbit entangled effective moments, the low energy effective magnetic Hamiltonians would depend on the lattice geometry and could interpolate between purely isotropic Heisenberg-like for corner shared octahedra with a 180 0 transition metaloxygen-transition metal (TM-O-TM) bond, to a bonddependent quantum compass model for edge shared octahedra with a 90 0 TM-O-TM bond. For the specific case of a honeycomb lattice, the quantum compass model becomes the Kitaev model. The Kitaev model is one of the simplest Hamiltonians for spins S = 1/2 on a honeycomb lattice which involves bond-dependent nearest neighbor interactions, is exactly solvable, and harbors a quantum spin liquid ground (QSL) state with Majorana Fermion excitations 5 . The suggestion that the Kitaev Hamiltonian and the related Kitaev-Heisenberg Hamiltonian 1,2,5 could be realized in a family of honeycomb lattice iridates A 2 IrO 3 (A = Na, Li)) has led to a flurry of activity on these materials [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] as well as recent work on the honeycomb lattice ruthenate α-RuCl 3 18-24 . While the spin-liquid state expected in the strong Kitaev limit has not been found experimentally for A 2 IrO 3 or for α-RuCl 3 there has been recent experimental work demonstrating the presence of dominant bond-dependent magnetic exchange and spin-space and real-space locking in Na 2 IrO 3 25 , both of which are direct consequences of the presence of Kitaev-like magnetic exchange. Additionally, Raman scattering measurements on Na 2 IrO 3 26 , Li 2 IrO 3 27 and α-RuCl 3 28 have revealed a broad, quasicontinuous polarization independent response similar to that predicted for the Kitaev spin liquid 4 . The presence of such a feature in these magnetically ordered materials was interpreted as evidence for proximity to the Kitaev spin liquid [26] [27] [28] . The novel magnetic properties of these honeycomb lattice iridates and ruthenate most likely arise from the presence of dominant Kitaev-like interactions in competition with other residual Heisenberg-like or further neighbour interactions. We recall that bond dependent interactions arise due to the strong spin-orbit coupling and edge shared TO 6 (T = transition metal) octahedral geometry. However, this geometry is common to several other structures and in particular is found in pyrochlore, spinel, and hyperkagome lattices. Interestingly, iridate compounds are known for each of these structures: R 2 Ir 2 O 7 , CuIr 2 S 4 , and Na 4 Ir 3 O 8 .
This work focuses on the hyperkagome iridate Na 4 Ir 3 O 8 which is a candidate for 3-dimensional quantum spin liquid 30, 31 . No long ranged magnetic order was found [30] [31] [32] down to 100 mK despite strong antiferromagnetic exchange (θ ∼ −600 K) between effective spins S = 1/2. Magnetic irreversibility below 6 K hints at a glassy state 32 which is confirmed by µSR and neutron diffraction measurements 33 31, 32 . The polycrystalline pellets are polished to establish a virgin, optically flat surface for Raman measurements. Unpolarized micro-Raman measurements were performed in backscattering geometry using 514.5 nm as well as 488 nm lines of an Ar-ion Laser and a confocal microscopy setup (WiTech) coupled with a Peltier cooled CCD. Temperature variation was done from 77K to 300K, with a temperature accuracy of 1K using continuous flow liquid nitrogen cryostat(Oxford Instrument). Spectra are recorded using a long working distance 50X objective with numerical aperture 0.45. abbreviated as BRB. It is evident from the figure that all the Raman modes M1 to M5 show temperature dependence while BRB is temperature independent. To rule out the possibility of instrumental artefacts as the origin of the BRB, we recorded Raman spectra of silicon at 300K up 5000 cm −1 (inset of Figure 1 (a)). The region from 1000 cm −1 to 5000 cm −1 has been magnified and shown in the inset in order to see any broad feature. It is clear from the inset that there is no feature present in the Raman spectra of Silicon and hence confirms that the BRB seen at ∼ 3500 cm −1 is intrinsic to Na 4 Ir 3 O 8 . In order to rule out the possibility of photoluminescence as a cause for the origin of the broad band, Raman spectra recorded with a different laser line (488 nm) at 300K shows the same mode without any frequency shift as shown in Figure 1 (b) and hence rules out the broad band to be related to photoluminescence.
III. EXPERIMENTAL RESULTS
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The modes M1 (∼ 490cm −1 ) and M2 (∼ 550cm −1 ) are first order Raman modes associated with the phonons. The mode M3 (∼ 1000cm −1 ) could be a second order Raman mode (ie 2ω M1 or ω M1 + ω M2 ) or a magnetic excitation. The exact assignment of M1, M2 and M3 will require full phonon calculations which is not yet reported. At 300 K the modes M4 (∼ 1395cm −1 ) and M5 (∼ 1580cm −1 ) are stronger than the mode M2 and hence cannot be higher order Raman phonon modes. The temperature dependence of these two modes is also opposite to that expected for phonon modes. We tentatively assign these to the magnetic excitations and return to it.
In order to estimate peak frequencies and full width at half maximum (FWHM) in the investigated temperature range, Lorentzian line shapes were used to fit the Raman modes M1 to M5. Figure 2 shows the fitted spectra collected at three different temperatures 77 K, 150 K and 290 K. Temperature evolution of phonon frequencies and FWHM of M1 and M2 modes are shown in Fig. 3  (a) . The solid blue lines are the fit to a simple cubic anharmonicity model where the phonon decays into two phonons of equal frequency 42 . It is clear from Fig. 3 (a) that the modes M1 and M2 follow normal anharmonic behavior. The phonon frequency and line-width of M3 mode do not show significant change with temperature and hence not shown. Figure 3(b) shows the temperature dependence of the peak frequencies and FWHM of M4 and M5 modes. The solid blue lines are the guide to the eye. The line-width of M4 mode is almost constant while the M5 mode broadens by ∼ 150cm −1 with increasing temperature.
We now focus on the broand band response. Recent work on Li 2 IrO 3 27 and α-RuCl We have studied both the extreme limits of purely Heisenberg exchange (no Kitaev) and purely Kitaev exchange. We have also studied the effect on the Raman response in these two limits of adding small perturbations of the other kind.
IV. THEORETICAL CALCULATIONS
The Raman response obtained from our theoretical calculations is shown in Fig. 4 (For details see Supplementary material). For the exact Kitaev spin liquid ground state on the honeycomb lattice, the Raman spectrum was shown to be a broad polarization independent band, essentially due the propagating Majorana fermions 4 . We have studied both Heisenberg and Kitaev limits for the hyperkagome lattice assuming a spin liquid ground state. The calculated Raman response for these two cases are shown in Figs. 4 (a) (pure Heisenberg) and (b) (pure Kitaev). The Raman response of the pure (antiferomagnetic) Heisenberg limit shows a two peak structure arising due to the spinon and gauge sectors, with the lower energy peak being more intense, very different from the experimentally observed BRB in Fig. 1 . On introducing small Kitaev perturbations the curves do not vary much as shown in Fig. 4 (c) . The calculated Raman response of the pure Kitaev model (Fig. 4 (b) ) reveals a broad band similar to the experiments, but there are additional peaks (M3, M4 and M5 modes) in the experimental data which need to be explained. On the addition of a small Heisenberg term (J 1 /J K = 0.1) as a perturbation to the Kitaev term we obtain a response shown in Fig. 4 (d) which looks a better match to the experimentally observed BRB. The calculated BRB is broad and has additional weak features at lower energies. The theoretical Raman response for J 1 /J K = 0.1 shown in Fig. 4 (d) is plotted with the experimental curve for comparison in Fig. 5 . We note that the calculated Raman response is broader than the observed lineshape, perhaps due to mean field calculations used. It is clear that theoretical Raman response calculated with small Heisenberg term (J 1 /J K = 0.1) as a perturbation to the Kitaev term has a better match with experimental data. Thus the Raman response calculated for the pure Heisenberg limit is inconsistent with our observed BRB while the strong Kitaev limit with small Heisenberg term gives results consistent with experiments. The comparison of experimental and theoretical data (Fig. 5) gives the estimate of Kitaev intraction to be J K ∼ 75 meV. This value is high but is consistent with the large Weiss temperature of −650 K obtained from magnetic measurements 30, 32 . Note that the two additional weak features at 920 cm −1 and 1650 cm −1 in the calculated BRB are close to the experimentally observed M3 (1000 cm −1 ), M4 and M5 (∼1580 cm −1 ) modes (see Fig. 5 ). The mode M3 may not be a second order phonon mode.
V. CONCLUSIONS
In conclusion, we have experimentally shown the existence of a broad Raman band at high energies for Na 4 Ir 3 O 8 . By calculating the Raman response for the Kitaev-Heisenberg model on the hyperkagome lattice we show that the observed BRB is in very good agreement with calculated Raman response for the Kitaev limit with small Heisenberg perturbations (J 1 /J K = 0.1). Although the Kitaev limit is not exactly solvable for the hyperkagome lattice we find a spin-liquid state for the parameters used to calculate the Raman response which match the experiments. This strongly suggests that Na 4 Ir 3 O 8 is a spin-liquid driven by strong Kitaev interactions with smaller Heisenberg terms. 
Supplementary Material
The Kitaev-Heisenberg model on the hyper-kagome lattice can be written as
(1) Fig.S6 shows a pure Kitaev model on the hyperkagome unit cell with α = x, y, z links, color coded as red, blue and green. Theoretically, the challenge of solving the Hamiltonian is enhanced by the large number of basis sites (12) in the hyper-kagome lattice. This makes it difficult to effectively apply any numerical technique. Lawler et al. 1 worked on the Heisenberg model using fermionic mean field theory and showed that the Z 2 spin liquid is energiticaly favoured. On the other hand the Kitaev model which gives an exactly solvable Z 2 spin liquid ground state on the honeycomb lattice, is not exactly solvable on the hyper-kagome lattice 2 . Thus expecting an isotropic spin liquid ground state in both the limits, the above Hamiltonian is written in terms of Majorana fermions 3 .
where the mean field of these operators, c spinon and b α vison sector, involve the nearest neighbour Majorana correlations alone. The Spinon and Vison Hamiltonians decouple, effectively affecting the hopping of the other. The self-consistency mean field parametric equations are The mean field Hamiltonian written in momentum basis µ k and ν α k becomes 
where a = 1, 2, · · · 6 and α = x, y, z. The diagonal operators f k and g α k and the eigenvalues E k , E α k can be computed numerically. The single particle density of states for the spinons as shown in Fig.S7(a) has a lot of features. On the other hand, the vison density of states as shown in Fig.S7(b) has two peaks one centered around ω p1 = 0 and the other around ω p2 = 1.5J k . The ground state is |GS = Π k,a,b,α f a (k)g bα (k)|0 . These peaks play an important role in the Raman response of the system. The operators evolve as
In this paper, our focus is to understand the material based on Raman Intensity experiments. For the mean field ground state, the Raman Intensity is computed
where the Raman operator is given by 
In the spinon sector a correlation function can be expanded
From Eq:(3) the first term becomes a constant
Similar expressions for the vison sector can be obtained. Considering only the dominant time dependant contribution to the Raman intensity, the Raman operator becomes
where R c and R b are the Raman operators in the spinons and visons alone and rewritten in the diagonal operators f (k), g α (k) as with the time evolution Eq:(11), (12) . Therefore the dominant contribution to the intensity can be written as I(ω) ≈ 2π k,a,b
where ǫ is the broadening parameter. The calculation can be easily extended to the Kitaev-Heisenberg model.
The Raman response computed for the broadening parameter ǫ = 0.8J 1 for pure Heisenberg , ǫ = 0.4J K for pure Kitaev and both Kitaev and Heisenberg are shown in the paper. For less broadening ǫ = 0.2J 1 for pure Heisenberg , ǫ = 0.1J K for pure Kitaev and both Kitaev and Heisenberg, the computed Raman response is given in Fig.S8 . The wiggles in the Raman response at lower broadening stems from those present in the spinon density of states shown in Fig.S7(a) . The two sharp peaks in Fig.S8(c) occuring around ω = 1.5J k and ω = 2.7J k , arises from the peaks in the vison density of states: around ω p2 and 2ω p2 . The Raman Response from the theoretical calculations is found to be polarization independant which is a feature of the spin-liquid ground state.
